The content of sodium ion is an important index for the quality control of water and steam at power plants. If there is an impurity containing sodium (NaOH, NaCl, Na2SO4 etc.) in the water-steam system, it can cause uniform corrosion, spot corrosion, stress corrosion cracking (SCC), corrosion fatigue, or a combined failure due to these corrosions to the turbine. 1 These corrosions can give rise to damage of parts of the turbine as well as colossal economic loss. Therefore, to prevent corrosion of the metal parts, and to ensure safe and economic working of generating unit system, we must strictly monitor and control the content of sodium ion in the water-steam system at power plants. [2] [3] [4] Present, along with rapid development of the electric power industry, gigantic capacity generating units have been consecutively put into use, and the determination limit for the content of sodium ion in the water-steam system will be controlled to be lower and lower. The controlling index of sodium ion has already gone from 10 ppb down to 5 ppb. 5 Traditional detection methods for trace sodium, for example, flame photometry, ion-selective electrode (ISE), and gravimetry, all have larger errors, complicated treatment, and lower precision, and are difficult to meet the demand of the generating units. [5] [6] [7] [8] Atomic absorption spectrophotometry, 9-12 ICP 13,14 and ion chromatographic method are good, but they are too expensive. Therefore, it is of significance to newly develop an automatic method for determining trace-level sodium ion and an analyzer having a good ratio of performance and cost.
Introduction
The content of sodium ion is an important index for the quality control of water and steam at power plants. If there is an impurity containing sodium (NaOH, NaCl, Na2SO4 etc.) in the water-steam system, it can cause uniform corrosion, spot corrosion, stress corrosion cracking (SCC), corrosion fatigue, or a combined failure due to these corrosions to the turbine. 1 These corrosions can give rise to damage of parts of the turbine as well as colossal economic loss. Therefore, to prevent corrosion of the metal parts, and to ensure safe and economic working of generating unit system, we must strictly monitor and control the content of sodium ion in the water-steam system at power plants. [2] [3] [4] Present, along with rapid development of the electric power industry, gigantic capacity generating units have been consecutively put into use, and the determination limit for the content of sodium ion in the water-steam system will be controlled to be lower and lower. The controlling index of sodium ion has already gone from 10 ppb down to 5 ppb. 5 Traditional detection methods for trace sodium, for example, flame photometry, ion-selective electrode (ISE), and gravimetry, all have larger errors, complicated treatment, and lower precision, and are difficult to meet the demand of the generating units. [5] [6] [7] [8] Atomic absorption spectrophotometry, [9] [10] [11] [12] ICP 13, 14 and ion chromatographic method are good, but they are too expensive. Therefore, it is of significance to newly develop an automatic method for determining trace-level sodium ion and an analyzer having a good ratio of performance and cost.
Based on flow-injection analysis (FIA) [15] [16] [17] and the ISE method, we have developed a determination method for trace sodium ion in water at power plants. 18 Although related papers based on the FIA-ISE method have already been reported, 19, 20 their determination limits are too high, and thus cannot be used for the determination of trace sodium ion in the water-steam system at power plants.
Experimental

Apparatus
The flow-injection analyzer used was a FIA-T1 Model made in the Instrumental Factory at Northeast China Institute of Electric Power Engineering. 21 A DWG-9323A Model meter was used as a potential signal processor, a 23-8S Model sodium electrode was used as the measuring device, a 001S Model mercurous chloride (HgCl) electrode was used as a reference and a TDS-110 Model electrode was used as a temperature sensor. They all were made by Tianshi Instrument Corp. (Shanghai, China). The recorder used an XWT-100 Model (Dahua Instrument Corp., Shanghai).
(99%) into a 250 mL volumetric flask, and diluting it to the mark with water, then storing it in a polyethylene vial after shaking.
A sodium standard solution (1000 ml L -1 ), 2.5409 g of NaCl was dissolved in ultra-purified water and diluted to 1000 mL.
Detection method
The FIA manifold for the determination of sodium ion is shown in Fig. 1 . In order to removal the extreme interference of H + in the determination of Na + , an automatic alkalization apparatus was designed in the FIA system. The apparatus consists of a brown polyethylene bottle containing a diisopropylamine solution and a penetration tube that could penetrate alkaline gas.
The carrier solution was ultra-purified water. To raise the pH value first, the carrier was automatically alkalized while passing through an alkalization apparatus. It was then flowed into a reaction coil for further mixng. Finally, the alkalized carrier was flowed through a flow-through detection cell, which gave the baseline signal.
The sample was injected into the carrier and alkalized by the alkaline carrier to remove any interference of H + in it. It was then flowed through the flow-through detection cell and detected. The electric potential signal was obtained by a measuring electrode and a reference electrode in the cell. It was then transferred to an electric potential signal processor and displayed. At the same time, a recorder recorded actual response curves.
The flow-through detection cell was made of plexiglass, and the reaction coil was made of polythene; its length was 60 cm, and the inside diameter was 0.5 mm.
Results and Discussion
Comparison between the performances for two detecting cells
In the experiment, we used diisopropylamine as an alkalizing reagent. The flow rate of the carrier was set at 3.5 ml min -1 and the sampling volume was selected 600 µL. The length of the reaction coil was 60 cm.
The structure design of the flow-through detection cell is important to this system. The rationality of its structure effects the determination performance of the FIA system. Not only the flow route of the solution must be correct, but the area in which the solution flows through should not have a dead volume; otherwise it would hold bubbles, which would interfere with the determination or would remain previous sample to make the reproducibility bad.
Two flow cells having different structure designed in the experiment are shown in Fig. 2 . The result of a performance comparison between the two cells is shown in Fig. 3 . It was obtained by detecting the same standard sodium solutions under the same conditions. We can see that No. 1 of the flow cell has a higher sensitivity and a better linearity than No. 2.
Effect of the sampling volume
The effect of the sampling volume on the peak height was examined over the range of 0.2 -1.0 mL. The samples used for testing were 10, 50 and 100 µg L -1 of sodium ion standard solutions. Obtained results are shown in Fig. 4 . The peak height increased with an increase of the sampling volume up to 0.80 mL, above which it was difficult to change. Thus, 0.80 mL was selected for the FIA system.
Effect of the flow rate of the carrier
The effects of the flow rate of the carrier on the peak height are shown in Fig. 5 . When the flow rate was less than 3.5 ml min -1 , the peak height increased with increasing the flow rate; when the flow rate was more than that, it did not vary much with an increase of the flow rate. The peak height was highest 274 ANALYTICAL SCIENCES MARCH 2005, VOL. 21 ; sample volume, 600 µL; reaction coil, 60 cm.
at 3.5 ml min -1 . If the flow rate too high, the consumption of the alkalizing reagent would increase; consequently, the flow rate was selected to be 3.5 ml min -1 .
Effect of the alkalizing reagent concentration
Diisopropylamine, aqueous ammonia, and dimethylamine can all be used as the alkalizing reagent, but diisopropylamine is best. 22 Therefore, we used the later as the alkalizing reagent in the analytical method.
The effects of the concentration of the alkalizing reagent on the sensitivity were examined in the range 10 -60% (v/v). The experimental conditions were as follows: the sample volume was 0.80 mL; flow rate of the carrier was 3.5 ml min -1 ; temperature was 20˚C; the carrier stream was ultra-purified water; length of the alkalization tube was 60 cm (i.d. 1.0 mm). The samples used were sodium ion standard solutions.
The results are shown in Fig. 6 . It shows that the peak height increases with increasing the alkalizing reagent concentration. To obtain the highest sensitivity for determining sodium ion, the concentration of the alkalizing reagent was selected to be 60% (v/v).
Effect of the length and thickness of the alkalization tube on the carrier alkalinity
The experimental conditions were as given in the above section, except that concentration of 60% (v/v) was used. The effect of the length of the alkalization tube on alkalinity of the carrier solution was examined. The length was from 20 cm to 80 cm with an internal diameter of 1.0 mm, respectively. The obtained results were shown in Fig. 7 . This shows that under various internal diameters, the pH value of the carrier solution increases with increasing of the length of the alkalization tube. It can be seen that when the tube was 20 cm long, the pH value of the carrier exceeded 11, and its alkalinity satisfied the requirements for determining trace sodium ion. Thus the length of the tube was selected to be 20 cm. Besides, from Fig. 7 , it can be seen that the pH of the carrier solution decreased with increasing of the thickness (0.5, 0.7 and 0.9 mm) of the alkalization tube. For saving the alkalizing reagent and diminishing pollution of the waste to the environment, the alkalization tube thickness was selected to be 0.7 mm.
Relation between the pH and the flow rate of carriers
The experimental conditions were as given in the above section. However, the alkalization tube lengths used in the experiment were 10 cm and 20 cm (internal diameter 0.7 mm). The effect of the flow rate of the carrier on the pH of the carrier 275 ANALYTICAL SCIENCES MARCH 2005, VOL. 21 was examined. The flow rate used for the test were 1.40, 1.70, 2.0, 2.50, 3.50, 5.90 ml min -1 , respectively. The obtained results are shown as Fig. 8 . It shows that the pH value of the carrier solution decreases with increasing the flow rate. When the pH of the carrier exceeded 11, it could perfectly remove the interference of H + from the carrier solution and the sample solution. Therefore, for saving the alkalizing reagent and the carrier solution, the carrier flow rate was selected to be 3.50 ml min -1 according to Fig. 5 .
Effect of the reaction coil length on the peak height
In the FIA system, the main purpose of the reaction coil is to fully alkalize the sample zone injected in the carrier. If it is too short for the coil length, the sample zone can not be alkalized, which would cause a bad effect on exactly determining trace sodium ion. If too long, the dispersion of the sample zone would increase, and which would decrease the sensitivity of the output signal.
Therefore, the effect of the length of the reaction coil on the sensitivity was examined for 40 -250 cm (i.d. 0.5 mm) under the optimum conditions selected above. The results, shown in Fig. 9 , show that the response peak was the highest when the length was 200 cm. Consequently, the length was selected to be 200 cm.
Effect of the sample acidity on the peak height
Because one of the objectives to develop the single-line FIA-ISE system could be applied to the determination of trace sodium ion in outwater (pH 3 -4) from the cation exchangers at power plants, the effect of the sample acidity on the determination was evaluated by varying the pH values (1 -7) of the samples under the optimum conditions selected above. The test sample was a series of 50 µg L -1 sodium ion standard solutions that contained different concentrations of HCl (10%).
The results are shown in Fig. 10 . When the sample acidity was pH > 3, the peak height of the output signal did not vary. Therefore, the FIA-ISE system can be used for the determination of cation-exchanger outwater at power plants (pH 3 -4).
However, when pH < 3, the producibility of the output signal became to bad, and a double peak appeared. Thus the middle of the acidity sample zone injected in alkalized carrier was not fully alkalized, and the detection of the sodium electrode was interfered by hydrogen ion. Decreasing the injection volume of the sample could solve this problem.
Effect of the temperature on the peak height
The temperature is usually one of the most important influencing factors in an electric chemical reaction on an ion selective electrode. Its variation affects the rates of ion diffusion, film exchange, and electronic transport and so on. In the present experiment the effect of temperature on the response of the electrode was examined. The experimental conditions are described in the section above. The reaction coil was put in an automatic thermostat bath of the FIA-T1 type flow-injection analyzer. The temperature of the alkalized carrier in the reaction coil was controlled by changing the temperature of the water bath from 27˚C to 42˚C. While at the same time, the sample solution was heated to the same temperature as the reaction coil. The obtained results are shown as in Fig. 11 . The test sample was 100 µg L -1 sodium standard solution. The results show that the output signal of the electrode increased as the temperature rose in the experimental range. Consequently, the surrounding temperature of the electrode should be kept to constant when we determine real samples of trace sodium ion in water with the FIA-ISE method.
Interference test
During the determination of trace sodium ion in water, the main interference factors was hydrogen ion, which was removed by continuously introducing the alkalization reagent to 276 ANALYTICAL SCIENCES MARCH 2005, VOL. 21 Fig. 8 Effect of the flow rate on the pH of the carrier. Fig. 9 Effect of the reaction coil length on the peak height. Fig. 10 Effect of the sample acidity on the peak height.
the FIA system. Besides, if there were higher contents of Fe 3+ , Cu 3+ , Ca 2+ and Mg 2+ ions in the water sample, deposition of their hydrated oxides were formed in the manifold, and the sodium electrode was contaminated, stability of the analytical system and the producibility of the determination could be caused severely. Therefore, effects of these metal ions on the sodium determination were also investigated.
The experimental results are given in Table 1 . It can be seen that interference was not caused to the determination of trace sodium when the contents of the Fe 3+ , Cu 3+ , Ca 2+ and Mg 2+ ions were less than 500 µg L -1 . Because the content of metal ions mentioned above are usually only about 20 µg L -1 in the outwater of the cation exchanger, feedwater, condensed water, and the water-steam system at power plants, and their interference problems were not considered.
Determination of a sodium standard and real sample
Under the optimum conditions, a series of sodium standard solutions were determined. Each determination was done in duplicate. The obtained calibration curves are shown in Fig. 12 . The recorder output is shown in Fig. 13. In Fig. 12 , the standard curve No. 1 is in the linear range 10 -100 µg L -1 Na + ; curve No. 2 is in the linear range 0.5 -10 µg L L -1 Na + . They all have good linearity.
So this method can be used for the determination of the trace-level sodium ion in the water-steam system at power plants.
A series of real samples from some fossil power plant were determined. The obtained results are shown in the second column of Table 2 . For evaluating the accuracy of the proposed method, recovery tests were made with six samples of saturated steam, condensed water, feedwater, boiler water, cationexchanger water, mixed-bed water, respectively, and four sodium standards (4.0, 10, 15, 20 µg L -1 ) by a standard addition procedure. The recoveries, given in Table 2 , are in the range 98 -103% for sodium ion, and are most satisfactory.
Reproducibility and determination limit
The experimental conditions are the same as those listed above. A standard solution of 8 µg L -1 sodium ion was used as the sample. The RSD obtained by determining the sodium 277 ANALYTICAL SCIENCES MARCH 2005, VOL. 21 standard was 0.86% (n = 11), and thus good reproducibility. Because the standard deviation (σ) obtained by calculating is 0.00905, the determination limit (CL) of the method is 0.55 µg L -1 (CL = 3σ/k, where k is the slope for the equation of the calibration curve: y = 0.0497x + 0.0651).
Comparison of the FIA-ISE system with an on-line sodium analyzer
Last, the proposed FIA-ISE system was compared with a commercialized DWG-9323C type sodium ion analyzer. By using both systems, identical standard solutions of sodium ion were determined, respectively, and the correlation between both obtained results was analyzed. According to Fig. 14 , it can be seen that the correlation is very good in the linear ranges of high concentration (r > 0.9992) and low concentration (r > 0.9984) of sodium ion.
Besides, based on the comparisons, it has been proven that the FIA-ISE analysis system has a quick sampling frequency (about 60 sample h -1 ) and a little of the sample volume (0.8 ml/sample), it is better than the sodium analyzer (10 -25 sample/h and 50 -100 ml/sample). The former needs only small amount the alkalizing reagent. Its consumption is only 100 ml/month, but the latter being used in industry is 3 -5 l/month, which is fifty times more. Thus to develop a new online sodium ion analyzer used in industry based on this method, it will save a lot of the alkalizing reagent, bring more economic benefit and diminish pollution of the environment.
Conclusions
The single-line FIA-ISE system has resulted in a quick determination method for trace-level sodium ion in water. Alkalization of the sample and carrier can be accomplished automatically, and the measurement is done under a fully sealed environment. The electrodes can be automatically rinsed; there is good linearity in the ranges of 0.5 -10 µg L -1 and 10 -100 µg L -1 . Also, the sampling frequency is very rapid; 50 samples per hour can be analyzed. Also, the consumption of the sample is smaller, only 0.8 mL per time. This method is convenient, and good reproducibility, can also be to realize the automatic analysis of sodium ion. It has been successfully applied to the determination of trace sodium ion in the water-steam system at fossil power plants.
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